We conducted genome-wide association study (GWAS) meta-analyses of relative caloric intake from fat, protein, carbohydrates and sugar in over 235,000 individuals. We identified 21 approximately independent lead SNPs. Relative protein intake exhibits the strongest relationships with poor health, including positive genetic associations with obesity, type 2 diabetes, and heart disease ( ≈ 0.15 − 0.5). Relative carbohydrate and sugar intake have negative genetic correlations with waist circumference, waist-hip ratio, and neighborhood poverty (| | ≈ 0.1 − 0.3). Overall, our results show that the relative intake of each macronutrient has a distinct genetic architecture and pattern of genetic correlations suggestive of health implications beyond caloric content.
shifted from low-fat to low-sugar and, more recently, lower animal-protein diets [11] [12] [13] [14] [15] [16] [17] . Observational studies have found inconsistent phenotypic correlations between macronutrient proportions, body mass index (BMI) and related health outcomes (e.g., [18] [19] [20] ), and the mechanisms underlying these relationships are not well understood.
Insights from genetics may help to elucidate the connections between nutrition and health outcomes.
Twin studies suggest that diet composition is moderately heritable, with ℎ 2 estimates ranging from 27%
to 70% for the different macronutrients' contributions to total energy intake [21] [22] [23] . Previous GWAS on relative caloric intake from protein, fat, and carbohydrates (up to N = 91,114) have identified three genome-wide significant SNPs in or near RARB, FTO and FGF21, each of which captures only a miniscule part of trait heritability (R 2 < 0.06%) [24] [25] [26] . These results suggest that diet composition is a genetically complex phenotype and that most associated genetic variants have not yet been identified.
Furthermore, no large-scale genome-wide association study (GWAS) has investigated relative sugar intake.
Here we report GWAS results for diet composition, and we use the results to conduct bioinformatics analyses and to calculate genetic correlations with a range of other phenotypes. For the GWAS, we expand the samples used in earlier work from N = 91,114 [24] [25] [26] to 268,922 for relative intake of PROTEIN, CARBOHYDRATE, and FAT. Furthermore, we report GWAS results for SUGAR (N = 235,391), which is a subcomponent of CARBOHYDRATE and captures relative intake of both naturally-occurring and added sugars.
RESULTS

Phenotype definition
All cohorts used self-report questionnaires containing ≥70 food items, with average estimated intakes showing strong similarity across cohorts (Supplementary Table 1 .2). Using these self-reports, we calculated the relative contributions of FAT, PROTEIN, CARBOHYDRATE and SUGAR to total caloric intake (we do not study total caloric intake because it is mainly determined by body size and physical activity 27 and because systematic underreporting of total food intake is correlated with BMI
28
). Since macronutrient intake may not scale linearly with total caloric intake, we developed and applied a method that adjusts for the observed non-linear relationships (Supplementary Information 2.6, Extended Data Figure 1 ).
Consistent with the satiating properties of protein 29 , we find that at higher levels of total caloric intake, relative protein intake declines, while relative fat intake increases, and relative sugar and carbohydrate intake remain roughly constant (Supplementary Table 2 .
2).
Main results
We began by assessing the SNP-based heritability of our phenotypes. We calculated GREML 30 estimates using a random N = 30,000 subsample of conventionally unrelated UK Biobank (UKB) individuals. The estimates range from 2.1% for PROTEIN to 7.9% for CARBOHYDRATE (Extended Data Figure 2 and
Supplementary Information 7).
GWAS were performed in individuals of European ancestry. When possible, we excluded individuals on calorie-or macronutrient-restricted diets (Supplementary Table 1. 3). Our discovery sample was the subset of the UKB with survey data on dietary intake (N = 175,253). The replication phase consisted of a meta-analysis of GWAS summary statistics from 14 additional cohorts that followed our analysis plan (N = 60,138) and summary statistics from DietGen 25 (for FAT, PROTEIN and CARBOHYDRATE, N = 33,531).
DietGen 25 assumed a linear scaling of macronutrients with total energy intake. Since the genetic correlations between DietGen and our replication cohorts is not significantly different from 1 (Supplementary Figure 5 ).
MAGMA 33 analyses of our GWAS summary statistics identified 81 unique genes (Extended Data Figure 6 and Supplementary Table 5.4). While the majority of these genes were near our lead SNPs, MAGMA also identified 33 genomic regions harboring 44 unique genes that are physically distant (> 1 Mb) from our lead SNPs.
We constructed polygenic scores for the macronutrient intakes by applying LDpred 34 to our GWAS summary statistics. We assessed the scores' out-of-sample predictive accuracy in two holdout cohorts: the Health and Retirement Study (N = 2,344) and the Rotterdam Study (N = 3,585). The scores predicted the macronutrient intakes with R 2 ranging between 0.08% (P = 0.088) and 0.71% (P = 9.11×10 -7
; 
Supplementary
Bioinformatic analyses
Animal studies indicate that the brain and peripheral organs interact in directing macronutrient intake 36, 48 .
A question that arises is whether the "periphery", which digests and metabolizes macronutrients, plays a larger role than the brain, for instance by determining how the brain assigns reward values to and Bonf = 53 • , respectively).
We found that genetic variation related to the central nervous system plays a major role for intake of all macronutrients ( Bonf < 0.015 for the regression coefficients; Figure 4) , with the proportions of explained heritability ranging from 44% (FAT and SUGAR) to 55% (PROTEIN). Within the central nervous system, we found broad involvement of the brain, including (frontal) cortex (FAT and SUGAR), the basal ganglia (FAT), limbic system (FAT and SUGAR), cerebellum (PROTEIN), and hypothalamus and substantia nigra for FAT and PROTEIN (and SUGAR suggestively: Bonf = 0.06). The confidence intervals for the coefficients overlap across brain regions so we cannot draw conclusions about the specificity of brain regions for intake of particular macronutrients.
For FAT, genetic variation related to adrenals and/or pancreas tissue is estimated to explain 37% of the heritability. Because the adrenals play a role in lipid metabolism, and the pancreas is crucial for digestion, either tissue may plausibly affect fat intake. We caution, however, that in the LDSC-SEG analyses of 53 tissues, all non-brain regions had P values above 0.05 even before Bonferroni adjustment ( Figure 5 ).
To gain insight into the putative functions of the top associated loci, we queried the 81 genes identified by the MAGMA analyses in Gene Network 54 , which predicts Reactome 55 functions for genes (Supplementary Information 9.3). In addition to neural functioning (e.g., axon guidance), we found that the MAGMA genes were predicted to be involved in growth factor signaling and the immune system (Supplementary Table 9 .6). These results may imply a more pronounced role for peripheral gene functions than our stratified LDSC results, which mainly implicated the brain.
Relationships with health, lifestyle and socioeconomic status
Using bivariate LDSC 35,56 , we estimated genetic correlations between our diet-composition phenotypes and 19 preselected relevant medical and lifestyle phenotypes for which well-powered GWAS results were available. We also included four additional phenotypes for which GWAS results became available after our study was underway, as well as Alzheimer's disease, motivated by the association we found between APOE with macronutrient intake. To control for multiple testing, we again calculated Bonferroni-adjusted 
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Additional information
All genomic coordinates are in GRCh37. Table 2 Genetic correlations between macronutrients | Genetic correlation analysis results obtained from bivariate LD Score regression (with block jackknife standard errors in brackets).
Only HapMap3 SNPs were used in this analysis. The results show the genetic correlations among the four phenotypes calculated using the summary statistics from the combined meta-analyses. *** Denotes P value < 0.001 for the null hypothesis of zero genetic correlation. All estimates also differed from 1 and -1 with P < 0.001.
